1. Introduction {#sec1}
===============

The vast CO~2~ emission from industries is a major contributor of global warming.^[@ref1]^ To control the atmospheric CO~2~ composition, CO~2~ capture technology is required^[@ref2]^ for various gases, for example, CO~2~ + N~2~ flue gas from combustion of fossil fuels, CO~2~ + H~2~ gas from the power plant of integrated coal gasification combined cycle and CO~2~ + CH~4~ gas as biogas.^[@ref3]^ Semiclathrate hydrate-based gas separation is proposed because of their moderate thermodynamic conditions for CO~2~ capture and release.^[@ref4]−[@ref8]^ Semiclathrate hydrates are one of the inclusion compounds formed from aqueous solutions of quaternary ammonium or phosphonium salts. Their crystal structures consist of a cage-like framework formed by hydrogen-bonded water molecules. There is a variety of ionic substances that form semiclathrate hydrates, for example, tetra-*n*-butylammonium (TBA)^[@ref9]−[@ref16]^ and tetra-*n*-butylphosphonium (TBP)^[@ref10],[@ref11],[@ref14],[@ref17],[@ref18]^ for the cation and halide,^[@ref13]−[@ref16],[@ref19],[@ref20]^ hydroxide^[@ref21],[@ref22]^ and carboxylate^[@ref14],[@ref23]−[@ref26]^ for the anion. TBA bromide (TBAB), TBA chloride (TBAC), TBP bromide (TBPB), and TBP chloride (TBPC) are widely used because of the high melting temperatures around 280 K of their hydrates.^[@ref20],[@ref27],[@ref28]^ Semiclathrate hydrates have dodecahedral (D) water cages which can capture small gas molecules such as CH~4~, N~2~, and CO~2~ under their gas pressures^[@ref29]−[@ref31]^ similar to gas hydrates.^[@ref32]−[@ref34]^ Because of the significant stabilization by the inclusion of the ionic substances, the formation pressures of semiclathrate hydrates are much lower than those of gas hydrates, that is, \<1 MPa for CO~2~ semiclathrate hydrate^[@ref28],[@ref35]^ and ∼3 MPa for structure I CO~2~ gas hydrate^[@ref32]^ around 280 K.

Because the semiclathrate hydrates have a lot of advantages such as high melting temperatures and less hazardous and nonvolatile properties, gas separation for simulated flue gas, that is, CO~2~ + N~2~ gas, has been studied a lot.^[@ref4]−[@ref8],[@ref36]−[@ref41]^ Rapid CO~2~ capture and release by semiclathrate hydrates which are driven by small temperature window around 300 K is a great advantage for the CCS process compared to the potential CO~2~ absorption method such as using amine solution which requires a temperature around 400 K to release the captured CO~2~.^[@ref42]^ The melting temperatures of semiclathrate hydrates can be widely changed by a variety of ionic substances and their aqueous composition differing from gas hydrates. In addition, particularly high CO~2~ selectivity of semiclathrate hydrates compared to structure II gas hydrates was found,^[@ref6],[@ref43]−[@ref45]^ although both of these hydrates only have D cages. This is likely due to irregular shapes of the D cages which are available in semiclathrate hydrates.^[@ref46],[@ref47]^ Semiclathrate hydrates provide differently shaped D cages with various options for the ionic substances.^[@ref18],[@ref22],[@ref46]−[@ref49]^ Because these unique D cages may selectively capture gases, it is expected that semiclathrate hydrates have a further potential to improve their gas selectivity. In our previous studies, we investigated CO~2~ capture properties of TBAB, TBAC, TBPB, and TBPC hydrates for CO~2~ + N~2~ gas.^[@ref6],[@ref40]^ It was found that TBAB hydrates have high CO~2~ selectivity due to the polymorphism of TBAB hydrates which may depend on the aqueous composition and pressure. It was also found that TBAB hydrates capture a comparable amount of CO~2~ with structure II gas hydrates.^[@ref6]^ In addition, we reported that TBAC hydrates have higher CO~2~ selectivity than TBAB, TBPB, and TBPC hydrates, although the captured gas amount of TBAC hydrate is half or less than that of the others. X-ray diffraction analyses suggested that crystal structures are one of the dominant factors for controlling the CO~2~ selectivity of semiclathrate hydrates.^[@ref40]^

TBA fluoride (TBAF) forms highly stable semiclathrate hydrate of which melting temperature is close to ambient temperature, that is, ∼300 K, under atmospheric pressure.^[@ref50],[@ref51]^ The melting temperature of TBAF hydrates are the highest among semiclathrate hydrates of TBA and TBP halides.^[@ref20],[@ref27],[@ref28],[@ref51]^ TBAF can capture CO~2~ at near ambient temperature, that is, around 300 K, under 1 MPa of CO~2~ pressure,^[@ref52],[@ref53]^ which is approximately 10 K higher than that of TBAB and TBAC hydrates.^[@ref35],[@ref54]^ In the previous studies, gas separation by TBAF hydrates for CO~2~ + N~2~^[@ref5],[@ref36]^ and CO~2~ + H~2~^[@ref55],[@ref56]^ gases were performed. Irregularly high CO~2~ selectivity of TBAF hydrates for CO~2~ + N~2~ gas was reported.^[@ref36]^ On the other hand, the CO~2~ capture amount is also an important factor for gas separation because they are critical to designing CCS processes, that is, the amount of CO~2~ capture media required for the process.^[@ref42],[@ref57]^ However, the CO~2~ capture amounts in TBAF hydrates from the CO~2~ + N~2~ gas are not fully understood.

TBAF hydrates mainly form tetragonal and cubic structures under atmospheric pressure.^[@ref48],[@ref50],[@ref58]^ Hydration numbers of the tetragonal and cubic structures of TBAF hydrates are 32.8^[@ref58]^ (0.307 in TBAF mass fraction and 300.4 K of melting temperature^[@ref50]^) and 29.7^[@ref48]^ (0.328 in TBAF mass fraction and 300.8 K of melting temperature), respectively. The cubic structure is unavailable with the TBAB, TBAC, TBPB, and TBPC hydrates. Because the gas capture amount and selectivity of semiclathrate hydrates vary with the crystal structures, the cubic structure of TBAF hydrates may have unique gas separation properties. It is reported that stable crystal structures of TBAF hydrates under hydrogen gas pressures change depending on the aqueous composition of TBAF and pressure^[@ref51]^ as well as TBAB hydrates under krypton^[@ref59]^ and CO~2~ + N~2~^[@ref60]^ gas pressures. Aqueous compositions of TBAF are an important parameter for gas capture because it usually controls stability of hydrate phases which may have different gas capture properties. In addition, the driving force for hydrate formation is highly dependent on the aqueous composition. When an initial aqueous composition differs from the congruent compositions of the hydrate crystals, the driving force decreases because of the aqueous composition change during the hydrate formation, and the gas would be captured insufficiently. Therefore, the performing gas separation test with the parameters of aqueous composition and pressure for CO~2~ + N~2~ mixed gas is necessary for understanding the complex CO~2~ capture properties of TBAF hydrates against flue gas.

In this paper, we report the parametric study on the CO~2~ + N~2~ mixed gas separation by TBAF hydrates. A batch-type gas separation process was employed. Molar gas compositions of CO~2~ + N~2~ mixed gas were ∼0.12 and ∼0.88, respectively. We used TBAF aqueous solutions with compositions of 0.10, 0.20, and 0.30 in mass fraction under three different pressure levels, that is, 1, 3, and 5 MPa. The aqueous composition of 0.30 is almost consistent with the congruent compositions of the two main structures, that is, tetragonal and cubic structures. Effects of aqueous composition and pressures on the CO~2~ capture amount and selectivity of TBAF hydrates are discussed. We also performed X-ray diffraction measurements for the identification of the crystal structure of the TBAF hydrate formed under CO~2~ + N~2~ gas pressure. We also discussed the effect of crystal structures on the CO~2~ capture amount and selectivity of TBAF hydrates.

2. Results and Discussion {#sec2}
=========================

The obtained data for the total gas capture amount in the hydrate phase (*n̅*^H^), the CO~2~ composition of captured gas in the hydrate phase (ϕ̅~CO~2~~), the CO~2~ capture amount in the hydrate phase , separation factor and their estimated uncertainties with 95% reliability *U* were shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}--[6](#fig6){ref-type="fig"}. The test parameters, that is, aqueous composition of TBAF in mass fraction (*w*~TBAF~), temperature (*T*), and pressure (*P*), were also summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, at 5 MPa, *n̅*^H^ linearly increased with increasing aqueous concentration of TBAF. *n̅*^H^ slightly increased at 3 MPa with *w*~TBAF~ = 0.30 from that with *w*~TBAF~ = 0.20, but it decreased at 1 MPa. This behavior with the aqueous composition of TBAF is peculiar, because the aqueous composition of *w*~TBAF~ = 0.30 is close to the congruent compositions of TBAF hydrates, that is, *w*~TBAF~ = 0.307 and 0.328. Congruent aqueous solutions should provide maximum gas capture amount because the driving force is kept during hydrate formation without dilution or condensation of the aqueous solutions. However, the presently obtained *n̅*^H^ suggested that unusual hydrate formation occurred under pressures of 3 MPa and below. Comparison of the gas capture amount between this and the previous study is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. This figure shows that the *n̅*^H^ with *w*~TBAF~ = 0.30 was comparable with TBAC hydrates. The presently obtained *n̅*^H^ were less than half that of TBAB, TBPB, and TBPC hydrates.

![Total gas capture amount in TBAF hydrates (*n̅*^H^). The symbols denote test pressures: □ with orange, 5 MPa; △ with blue, 3 MPa; and ○ with red, 1 MPa. Error bars denote uncertainties *U* with 95% reliability.](ao9b03442_0001){#fig1}

![Comparison of *n*^H^ between this study and the previous^[@ref40]^ study. Present results were shown as weighted averages of the obtained values under each condition. The symbols denote test pressures: ○ with orange, *w*~TBAF~ = 0.30 in this study; ○ with blue, *w*~TBAF~ = 0.20 in this study; ○ with red, *w*~TBAF~ = 0.10 in this study; △ with purple, *w*~TBAB~ = 0.32;^[@ref40]^ △ with light blue, *w*~TBAB~ = 0.20;^[@ref40]^ □ yellow, *w*~TBAC~ = 0.20;^[@ref40]^ ◊ with pink, *w*~TBPB~ = 0.20;^[@ref40]^ and × with green, *w*~TBPC~ = 0.20.^[@ref40]^ Error bars denote uncertainties with 95% reliability.](ao9b03442_0003){#fig2}

![CO~2~ composition of captured gas in TBAF hydrates (ϕ̅~CO~2~~). The symbols denote test pressures: □ with orange, 5 MPa; △ with blue, 3 MPa; and ○ with red, 1 MPa. Error bars denote uncertainties *U* with 95% reliability.](ao9b03442_0004){#fig3}

![CO~2~ capture amount in TBAF hydrates . The symbols denote test pressures: □ with orange, 5 MPa; △ with blue, 3 MPa; and ○ with red, 1 MPa. Error bars denote uncertainties *U* with 95% reliability.](ao9b03442_0005){#fig4}

![Comparison of between this and the previous^[@ref40]^ study. Present results were shown as weighted averages of the obtained values under each condition. The symbols denote test pressures: ○ with orange, *w*~TBAF~ = 0.30 in this study; ○ with blue, *w*~TBAF~ = 0.20 in this study; ○ with red, *w*~TBAF~ = 0.10 in this study; △ with purple, *w*~TBAB~ = 0.32;^[@ref40]^ △ with light blue, *w*~TBAB~ = 0.20;^[@ref40]^ □ yellow, *w*~TBAC~ = 0.20;^[@ref40]^ ◊ with pink, *w*~TBPB~ = 0.20;^[@ref40]^ and × with green, *w*~TBPC~ = 0.20.^[@ref40]^ Error bars denote uncertainties *U* with 95% reliability.](ao9b03442_0006){#fig5}

![Comparison of *S.F.* between this and the previous^[@ref40]^ study. Present results were shown as weighted averages of the obtained values under each condition. The symbols denote test pressures: ○ with orange, *w*~TBAF~ = 0.30 in this study; ○ with blue, *w*~TBAF~ = 0.20 in this study; ○ with red, *w*~TBAF~ = 0.10 in this study; △ with purple, *w*~TBAB~ = 0.32;^[@ref40]^ △ with light blue, *w*~TBAB~ = 0.20;^[@ref40]^ □ yellow, *w*~TBAC~ = 0.20;^[@ref40]^ ◊ with pink, *w*~TBPB~ = 0.20;^[@ref40]^ and × with green, *w*~TBPC~ = 0.20.^[@ref40]^ Error bars denote uncertainties *U* with 95% reliability.](ao9b03442_0007){#fig6}

###### Conditions and Results of the Gas Separation Test[a](#t1fn1){ref-type="table-fn"}

  case        number of test   *T*/K[b](#t1fn2){ref-type="table-fn"}   *P*/MPa[b](#t1fn2){ref-type="table-fn"}   *n̅*^H^/mmol   *U*(*n̅*^H^)/mmol   ϕ̅~CO~2~~   *U*(ϕ̅~CO~2~~)   /mmol   /mmol         
  ----------- ---------------- --------------------------------------- ----------------------------------------- ------------- ------------------ ---------- --------------- ------- ------- ----- -----
  w10-1 MPa   7                289.6                                   1.00                                      6.9           0.3                0.388      0.017           2.6     0.1     4.5   0.4
  w10-3 MPa   8                290.6                                   3.01                                      17.5          0.8                0.405      0.019           7.0     0.2     4.6   0.5
  w10-5 MPa   8                291.6                                   5.01                                      23.9          1.2                0.442      0.025           10.3    0.3     5.0   0.6
  w20-1 MPa   5                295.2                                   1.01                                      13.9          0.6                0.374      0.014           5.2     0.2     5.2   0.4
  w20-3 MPa   5                296.2                                   3.01                                      35.0          1.5                0.371      0.015           13.0    0.5     4.9   0.4
  w20-5 MPa   7                297.2                                   5.00                                      49.6          1.8                0.352      0.013           17.2    0.5     4.1   0.3
  w30-1 MPa   5                298.2                                   1.01                                      12.6          0.5                0.219      0.010           2.7     0.1     2.2   0.2
  w30-3 MPa   6                298.6                                   3.01                                      42.0          1.5                0.238      0.010           9.9     0.3     2.5   0.2
  w30-5 MPa   5                299.2                                   5.01                                      74.1          2.9                0.247      0.011           18.2    0.7     2.6   0.2

Overlines and *U* denote weighted averages of the obtained values of each condition and their uncertainties with 95% reliability, respectively.

Measurement uncertainties with 95% reliability for *T* and *P* are 0.3 K and 0.01 MPa, respectively.

Based on the aqueous composition change during the tests with *w*~TBAF~ = 0.10 (see Figure S10 and Table S2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03442/suppl_file/ao9b03442_si_001.pdf)), the TBAF in the aqueous phase was comparably consumed at 1, 3, and 5 MPa, that is, 26--30 mmol. On the other hand, *n*^H^ increased with the test pressure increase. Therefore, the TBAF hydrates captured more gas per TBAF at high pressure.

ϕ̅~CO~2~~ are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Because CO~2~ compositions in gas phases before hydrate formation were approximately 0.10--0.11, CO~2~ was enriched in the hydrate phase with twice to four times higher compositions by the present one-stage separation process. Although the ϕ̅~CO~2~~ with *w*~TBAF~ = 0.10 and 0.20 were comparable, that is, around 0.40 in mole fraction, the ϕ̅~CO~2~~ with *w*~TBAF~ = 0.30 were evidently low, that is, ∼0.25 in mole fraction. This suggests that higher CO~2~ selectivity can be obtained with *w*~TBAF~ = 0.10 and 0.20 rather than with *w*~TBAF~ = 0.30, which is close to the congruent compositions of TBAF hydrates, that is, *w*~TBAF~ = 0.307 and 0.328. Pressure dependency of ϕ̅~CO~2~~ is not clearly observed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

As well as *n̅*^H^, increased with the test pressure increase, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. At 1 and 3 MPa, was the largest with *w*~TBAF~ = 0.20 because of the higher CO~2~ selectivity compared to that with *w*~TBAF~ = 0.30 shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. It is noteworthy that *w*~TBAF~ = 0.30 is close to congruent compositions of the TBAF hydrate crystals, that is, 0.307 and 0.328, rather than *w*~TBAF~ = 0.20; however, with *w*~TBAF~ = 0.30 is almost equal to or less than that with *w*~TBAF~ = 0.20. From [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}, it is found that the dense aqueous solution with *w*~TBAF~ = 0.30 reduces both CO~2~ selectivity and the capture amount compared to *w*~TBAF~ = 0.20. Because *n̅*^H^ increased with *w*~TBAF~ = 0.30, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, another hydrate phase may form with *w*~TBAF~ = 0.30, which prefers N~2~ gas compared to the hydrate phase formed with *w*~TBAF~ = 0.10 and 0.20. The presently obtained were less than half that of TBAB, TBAC, TBPB, and TBPC hydrates reported in our previous study, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Therefore, the TBAF hydrates have clearly different CO~2~ capture properties from them.

The obtained are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. This figure shows that the CO~2~ selectivity with *w*~TBAF~ = 0.30 were clearly lower than that with *w*~TBAF~ = 0.10 and 0.20. with *w*~TBAF~ = 0.10 and 0.20 were comparable with that of TBAB, TBPB, and TBPC hydrates. This tendency of CO~2~ selectivity, that is, high S.F. with dilute aqueous solution, was also found for TBAB, TBAC, TBPB hydrates,^[@ref39]^ and TBAF hydrates.^[@ref36]^ However, we did not observe both strong pressure dependencies of S.F. and the irregularly high S.F., that is, 36.98, which are reported in the previous study.^[@ref36]^

We optically observed TBAF hydrate crystals, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. In all the present conditions, we observed thin columnar shaped crystals, as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a--c, which were similar to the crystals of TBAB hydrates,^[@ref35],[@ref40],[@ref61]^ TBAC hydrates,^[@ref28],[@ref40]^ and TBPC hydrates^[@ref40]^ reported in the previous studies. With *w*~TBAF~ = 0.30, distinctly shaped polyhedral crystals, which were suggested to have the cubic structure,^[@ref51],[@ref62]^ were observed, as shown in [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d and S11 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03442/suppl_file/ao9b03442_si_001.pdf). We suppose that two different crystal structures were formed with *w*~TBAF~ = 0.30, which may be the polymorphism of TBAF hydrates. The two-stage pressure drops shown in [Figure S5c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03442/suppl_file/ao9b03442_si_001.pdf) may be occurred by the formation of the two different hydrate phases. Polymorphism of TBAF hydrates is also supported by inconsistent *n*^H^ with *w*~TBAF~ = 0.30 at each pressure level shown in Figure S6 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03442/suppl_file/ao9b03442_si_001.pdf), which was probably caused by fractionation of the two comparably stable hydrate phases. Less and lower with *w*~TBAF~ = 0.30 shown in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"} are likely to be caused by this polymorphism of the TBAF hydrates. Such two-stage pressure drop is also observed for TBAB^[@ref6],[@ref40]^ and TBPC^[@ref40]^ hydrates in our previous study.

![Single crystals of TBAF hydrates formed during gas separation tests. Photographs (a) run 2 of w10-3 MPa, (b) run 2 of w20-3 MPa, (c) run 5 of w30-3 MPa, and (d) run 1 of w30-3 MPa were taken within 10 min after the crystallization in gas separation tests.](ao9b03442_0008){#fig7}

We performed single-crystal X-ray diffraction (SCXRD) on TBAF hydrates formed under CO~2~ + N~2~ gas pressure. The obtained single crystals are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. As well as the present gas separation tests and the previous studies,^[@ref63]^ the columnar shaped crystals are obtained. The determined crystal lattice of the TBAF hydrates is *a* = 23.301 (3) Å and *c* = 12.179 (2) Å at 123 K with tetragonal cell and space group of *P*4~2~/*m* which is identical with Jeffrey's type III structure.^[@ref11]^ The unit cell size is consistent with the references regarding TBAF hydrates formed under atmospheric pressure.^[@ref50],[@ref58]^ From the present SCXRD data, we found the three distinct D cages as shown in the [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a. These are three different types of D cages: a relatively-regular D cage and two differently distorted D cages. In the unit cell, there are two of the relatively-regular D cages and four sets of the two distorted D cages, that is, 10 D cages in total. Two D cages per TBAF are available for gas capture. This is a clear reason for the small gas capture amount of the TBAF hydrates compared to the orthorhombic semiclathrate hydrates formed with TBAB, TBPB, and TBPC^[@ref40]^ in which three D cages per TBA or TBP cation are available for gas.^[@ref10]^ The present SCXRD data are inadequate for further refinement on complex disorder of TBA cation and discriminating CO~2~ and N~2~ incorporated in the D cages.

![Single crystals of TBAF hydrates formed under CO~2~ + N~2~ gas pressure for SCXRD measurements.](ao9b03442_0009){#fig8}

![Results for the present SCXRD analysis on the TBAF hydrate formed under CO~2~ + N~2~ gas pressure. (a) Arrangement of the three distinct D cages discriminated by colors: light blue, relatively-regular D cage; magenta, distorted D cage; and light green, the other distorted D cage. Residual space should be filled with TBA cations. (b) PXRD pattern simulated from the present SCXRD data. This pattern is simulated with a Cu Kα source (1.54178 Å).](ao9b03442_0010){#fig9}

In [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b, the powder X-ray diffraction (PXRD) pattern with Cu Kα source is simulated from the present SCXRD data for identification of the present hydrate structure and comparison with previous studies. The simulated PXRD pattern agrees with the reference data for the tetragonal structure.^[@ref16],[@ref64]^ The present hydrate structure is identical to the TBAC hydrate formed under CO~2~ + N~2~ gas pressure obtained in our previous study.^[@ref40]^ The unit cell dimension of the TBAC hydrate formed under CO~2~ + N~2~ gas pressure was *a* = 23.870 (3) Å and *c* = 12.497 (3) Å at 123 K.^[@ref40]^ The present unit cell of the TBAF hydrate is approximately 7% smaller than that of the TBAC hydrate, that is, volumes of their unit cells are 6612(2) and 7121(2) Å^3^, respectively. A plausible reason for a large size difference is the bond lengths between water--chloride and water--fluoride. Based on [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, the CO~2~ selectivity of TBAF hydrates were lower than that of TBAC hydrates, though the *n*^H^ of them were comparable, that is, 74 mmol for TBAF with *w*~TBAF~ = 0.30 and 77 mmol for TBAC with *w*~TBAC~ = 0.20, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The present results of SCXRD suggest that the CO~2~ capture properties of the tetragonal structure formed with a TBA cation is highly affected by the anions which may cause a change in the unit cell volume because of the difference in bond length between water molecules.

3. Conclusions {#sec3}
==============

We investigated TBAF hydrate-based CO~2~ capture properties for CO~2~ + N~2~ mixed gas, which simulates flue gas. Reliable datasets were obtained by exhaustive parametric gas separation tests at near ambient temperature. The results showed that high pressure increased gas capture amounts of TBAF hydrates. The largest CO~2~ capture amounts were obtained with *w*~TBAF~ = 0.20 at 1 and 3 MPa due to higher CO~2~ selectivity compared to *w*~TBAF~ = 0.10 and 0.30. SCXRD measurements determined that the TBAF hydrates mainly formed the tetragonal structure in the present formation conditions. The presently obtained separation factor of TBAF hydrates was lower than that of TBAC hydrates, which also form the tetragonal structure. It is suggested that the CO~2~ capture property of the tetragonal structure formed with a TBA cation is highly affected by the anions, while the orthorhombic structure did not show such behavior with TBAB, TBPB, and TBPC in our previous study. Polymorphism with two different TBAF hydrate phases are also suggested from the crystal morphology during gas separation tests with *w*~TBAF~ = 0.30. In these tests, a comparably stable hydrate phase which is supposed to be the cubic structure with a small CO~2~ capture amount and low CO~2~ selectivity formed together with the tetragonal hydrate phase. Congruent solutions of TBAF hydrates are found to be disadvantageous for the CO~2~ capture amount and CO~2~ selectivity of TBAF hydrates. For the CO~2~ capture process based on TBAF hydrates at low operation pressure, for example, 1 MPa, our present results proposed that an aqueous solution with *w*~TBAF~ = 0.20 is advantageous for CO~2~ capture from flue gas compared to near congruent solutions (*w*~TBAF~ = 0.30) and dilute solutions (*w*~TBAF~ = 0.10).

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

We used CO~2~ + N~2~ mixed gas (Taiyo Nippon Sanso, Co., Tokyo) of which composition is 0.151 and 0.849 in mole fraction, respectively. TBAF trihydrate (mass fraction of TBAF: 0.84) (Sigma-Aldrich, Co., Missouri) was used. The used water was deionized, filtrated by activated carbon, sterilized by an ultraviolet lamp, and finally filtrated by a hollow fiber filter. The electrical resistivity of the obtained water was ≥18.2 MΩ. TBAF aqueous solutions were gravimetrically prepared with the aid of an electronic balance (GX-6100, A&D Co., Tokyo) with 0.02 g of uncertainty with 95% reliability.

4.2. Gas Separation Tests {#sec4.2}
-------------------------

The main parts of an apparatus for gas separation tests are a hydrate formation reactor, a water bath made of polymethyl methacrylate, a proportional-integral-derivative controlled heater, and a cooler. The schematic of the hydrate formation reactor is shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. The inner dimension of the reactor is 80 mm in diameter, 155 mm in height, and 800 ± 20 cm^3^ in volume. The reactor has two glass windows for observing inside, a strain-gauge pressure transducer (VPRTF-A2-10MPaW-5, Valcom, Co. Ltd., Osaka, Japan), a platinum resistance thermometer at the bottom (Pt100 Class B 2 mA, NRHS1-0, Chino, Co., Tokyo), a tube with a valve for sampling of the aqueous solution on the bottom, a one-side sealed tube for thermometer insert on the lid, and an electromagnetically induced stirrer on the lid. Gas compositions were analyzed using a gas chromatograph (GC) (GC-2014, Shimadzu, Co., Kyoto, Japan) with a thermal conductivity detector. The used carrier gas for GC is argon (≥0.99999 in mole fraction certified purity, Taiyo Nippon Sanso, Co., Tokyo) and the separation column is a packed column (ShinCarbon ST 50/80, Shinwa Chemical Industries, Ltd., Kyoto, Japan). The schematic diagram of the apparatus was provided in our previous paper.^[@ref40]^

![Schematic of a hydrate formation reactor used in this study. (a) Hydrate formation reactor, (b) magnetic stirrer, (c) sealed tube, (d) platinum resistance thermometer, (e) strain-gauge pressure transducer, (f) tube with a valve for sampling of aqueous solution, and (g) tube with a valve for gas supply, release and sampling.](ao9b03442_0002){#fig10}

TBAF aqueous solutions were prepared with 0.10, 0.20, and 0.30 on a mass basis. We used gas pressures (*P*) at three different levels, that is, 1, 3, and 5 MPa. The test temperatures (*T*) were set to have 3 K of subcooling temperature based on the phase equilibrium data. The phase equilibrium data were measured before gas separation tests to determine the test temperatures, and are shown in Figure S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03442/suppl_file/ao9b03442_si_001.pdf). The reactor was charged with 300 g of TBAF aqueous solution and placed into the bath. After the evacuation of the air inside the reactor by a vacuum pump, CO~2~ + N~2~ mixed gas was supplied into the reactor up to test pressures. A magnetic stirrer started to mix gas and liquid for gas dissolution into the aqueous phase. When the pressure becomes constant as gas dissolution ceased, we sampled the gas into a sampling vessel having 10 cm^3^ volume with 0.2 MPa for GC analysis. Because the sampled amount is small enough when compared to the gas charged in the reactor, the present sampling process scarcely changed the reactor state. Then, we induced crystallization by inserting a stainless steel rod precooled by liquid nitrogen into the sealed tube, and started stirring with 500 rpm. Because size of the sealed tube is 1/4 in. of outer diameter and small enough, the sealed tube temperature immediately returned to be the system temperature, and system temperature change was not detected by the thermometers set in the aqueous phase. In order to know the pressure drop caused by TBAF hydrate formation, the first run of each condition was performed for 3 h or longer. After the second run, the test was terminated when the rate of the pressure drop was below 10 kPa/h. At the end of the test, the gas composition in the gas phase was analyzed. We used REFPROP 9.1^[@ref65],[@ref66]^ for calculating the gas phase density. The total gas capture amount in the hydrate phase (*n*^H^) is obtained as followswhere ρ^G^ and ρ′^G^ are the density of the gas phase before and after hydrate formation, respectively. *V*^G^ is the volume of gas phase. The CO~2~ capture amount in the hydrate phase () is determined by the following equationwhere and are the CO~2~ amount in the gas phase before and after hydrate formation, respectively. *y*~CO~2~~ and are CO~2~ mole fractions in the gas phase before and after hydrate formation obtained by GC, respectively. The N~2~ amount in the gas phase before () and after () hydrate formation were obtained in the same manner with and . The N~2~ capture amount in the hydrate phase () was also obtained in the same manner with . Here, is the CO~2~ amount captured only from the gas phase. Captured CO~2~ from TBAF aqueous solution was not counted in because it is presently not possible to estimate the amount of formed TBAF hydrates. Based on the literature, TBAB which is analogous to TBAF scarcely changes CO~2~ solubility from pure water.^[@ref67]^ An empirical correlation also shows that fluoride anion slightly decreases CO~2~ solubility from pure water, that is, salting-out effect.^[@ref68]^ Therefore, we consider that the CO~2~ solubility of TBAF aqueous solution is also comparable with that of pure water, and CO~2~ moved from the aqueous phase to the TBAF hydrate phase is much smaller than CO~2~ captured from the gas phase. Thus, is less than the actual CO~2~ capture amount in TBAF hydrates, and we do not overestimate them. The CO~2~ composition of captured gas in the hydrate phase (ϕ~CO~2~~) was calculated as follows

Separation factor (S.F.) is given by the following equation

To obtain statistically reliable data, all the gas separation tests were repeated 5--8 times. We averaged the obtained data with weighting by their uncertainties. The averaged results are denoted by the symbols with over bars in this article/study/file. All the raw data are provided in Figures S3--S9 and Table S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03442/suppl_file/ao9b03442_si_001.pdf). For the tests with *w* = 0.10, the aqueous solution was also analyzed by a refractometer. We calculated TBAF consumption the in aqueous phase based on obtained aqueous composition changes determined by the refractometer. The calculation processes are detailed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03442/suppl_file/ao9b03442_si_001.pdf). Measurement uncertainties with 95% reliability for *T*, *P*, aqueous composition of TBAF in mass fraction (*w*~TBAF~), and gas phase composition are 0.3 K, 0.01 MPa, 0.006 in mass fraction and 0.002 in mole fraction, respectively. Procedures of uncertainty estimation for *n*^H^, , ϕ~CO~2~,~ and S.F. are described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03442/suppl_file/ao9b03442_si_001.pdf).

4.3. X-ray Diffraction Analysis {#sec4.3}
-------------------------------

The TBAF hydrate formed under CO~2~ + N~2~ gas pressure was characterized by a SCXRD analysis. An apparatus for single-crystal formation under CO~2~ + N~2~ gas pressure consists of a hydrate formation reactor, a temperature controlled bath, a pressure sensor (GP-M100, KEYENCE, Co., Osaka, Japan), and a thermometer (EcoScan Temp 6, Eutech Instruments Pte Ltd., Singapore). About 3 g of TBAF aqueous solution with *w*~TBAF~ = 0.20 was supplied into the reactor. After three times repetition of evacuating air inside of the reactor by a vacuum pump and charge/discharge process with 1 MPa of N~2~ gas, CO~2~ + N~2~ mixed gas was injected into the reactor. The formation temperature and pressure were approximately 298 K and 3 MPa, respectively. After the TBAF hydrates crystals grew, they were separated from the aqueous solution, and cooled down to ∼250 K. Then, the residual CO~2~ + N~2~ gas was released from the reactor, and the crystals were taken out from the reactor. Measurement uncertainties with 95% reliability for temperature and pressure were 0.3 K and 0.02 MPa, respectively. A single crystal was selected and sized under cold nitrogen atmosphere at below 250 K, and subjected to a SCXRD analysis.

We used an imaging plate-type X-ray diffractometer (R-AXIS---RAPID-S, Rigaku, Co., Tokyo) with a Mo Kα radiation source (wave length: 0.71070 Å). The measurement temperature was 123.0 (3) K. The crystal structure was solved and refined by SHELX program.^[@ref69]^ A PXRD pattern with Cu Kα source is simulated with the aid of Platon program^[@ref70]^ and Powder4 program.^[@ref71]^ Detailed measurement conditions and refinement results are provided in Table S3 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03442/suppl_file/ao9b03442_si_001.pdf).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b03442](https://pubs.acs.org/doi/10.1021/acsomega.9b03442?goto=supporting-info).Three-phase equilibrium data of TBAF hydrates; flowchart of the calculation process; pressure trends during gas separation tests; total captured gas amount in TBAF hydrates; CO~2~ composition in TBAF hydrates; CO~2~ capture amount in TBAF hydrates; S.F. of TBAF hydrates; experimental conditions, results, and estimated uncertainties with 95 % reliability of the gas separation measurements; relationship between the total captured gas amount (*n*^H^) and TBAF consumption of the aqueous phase; aqueous composition changes in gas separation tests; single crystals of TBAF hydrates formed in gas separation tests; and formation conditions of the present TBAF hydrate formed under CO~2~ + N~2~ pressure and X-ray diffraction and structure data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03442/suppl_file/ao9b03442_si_001.pdf))
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*T*

:   temperature, K

*P*

:   pressure, MPa

:   amount of CO~2~ in gas phase before hydrate formation, mmol

:   amount of CO~2~ in gas phase after hydrate formation, mmol

:   amount of N~2~ in gas phase after hydrate formation, mmol

*n*^H^

:   amount of gas (CO~2~ + N~2~) in hydrate phase, mmol

:   amount of CO~2~ in hydrate phase, mmol

:   amount of N~2~ in hydrate phase, mmol

*V*^G^

:   volume of gas phase, m^3^

ρ^G^

:   density of gas phase before hydrate formation, mmol/m^3^

ρ′^G^

:   density of gas phase after hydrate formation, mmol/m^3^

*y*~CO~2~~

:   composition of CO~2~ in gas phase before hydrate formation in mole fraction

:   composition of CO~2~ in gas phase after hydrate formation in mole fraction

*w*~TBAB~

:   aqueous composition of TBAB in mass fraction

*w*~TBAC~

:   aqueous composition of TBAC in mass fraction

*w*~TBAF~

:   aqueous composition of TBAF in mass fraction

*w*~TBPB~

:   aqueous composition of TBPB in mass fraction

*w*~TBPC~

:   aqueous composition of TBPC in mass fraction

ϕ~CO~2~~

:   CO~2~ composition of captured gas in TBAF hydrates in mole fraction

S.F.

:   separation factor

*U*

:   expanded measurement uncertainty with 95% reliability
